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8.1	 Introduction
Our visual system is one of the great success sto-
ries of evolution. Together with the other sensory 
systems, its purpose is to provide information 
about the world so that we can operate within 
a changing environment to fulfill our goals. The 
representations that our visual system creates of 
events and objects within a 3D scene are so accu-
rate and produced so quickly, that most of us op-
erate under the false impression that we perceive 
the world in a veridical way. Perceived qualities 
such as redness or brightness do not exist in the 
world; they are creations of our brain. Of course 
they generally correspond to properties of energy 
in the environment, such as spectral composition 
or luminance, but percepts are not the same as 
what they represent. This is made obvious by the 
fact that there is no visible light impinging on the 
cortex; there are only neurons communicating in 
Core	Messages
■ This chapter reviews work on the meth-
od of functional magnetic resonance 
imaging (fMRI), which has been used 
to describe the structural and functional 
anatomy of the human visual system. 
■ Exploitation of the endogenous para-
magnetic contrast agent deoxyhemoglo-
bin has yielded functional maps of:
- lateral geniculate nucleus of the thala-
mus
- the columnar organization of primary 
visual cortex
- multiple representations of the visual 
hemifields in the ventral and dorsal 
visual pathways
- the interface between the visual sys-
tem and cortical networks underlying 
the control of oculomotor behavior, 
visual working memory, and higher 
visual cognition. 
■ In a significant advance beyond the tra-
ditional localistic “one region, one type 
of processing” paradigm, new methods, 
such as dynamic causal modeling and 
discriminant analysis, seek to determine 
temporal relationships among the fMRI 
time series of multiple brain regions. 
■ Applying these new methods, neurosci-
entists can discern how spatially distrib-
uted brain regions interact via feedfor-
ward and feedback signals sent within 
neural circuits. 
■ fMRI promises to contribute more to our 
understanding of the complex neural 
circuits that subserve visual perception 
and visuospatial cognition.
 
Functional	Neuroanatomy	
of	the	Human	Visual	
System:	A	Review	of	
Functional	MRI	Studies
Mark W. Greenlee, Peter U. Tse
Chapter	8
8
8	 120	 Functional	Neuroanatomy	of	the	Human	Visual	System:	A	Review	of	Functional	MRI	Studies
total darkness. Moreover, cortical neurons do not 
respond directly to light at all. They only respond 
to their particular set of dendritic inputs. The 
culmination of multiple stages of neuronal pro-
cessing within the dark space of our skull is our 
visual experience of an external world. How the 
highly ambiguous pattern of light that is detected 
at the retina is transformed into visual conscious-
ness remains one of the greatest unsolved prob-
lems of science.
In some cases, which we tend to dismiss as mere 
visual illusions, the visual system makes mistakes. 
It tells us that a color, shape, motion, or light is 
present when we know that it is not. Visual illu-
sions testify to the fact that even ordinary visual 
experiences are constructions of the brain. They 
occur as a consequence of the way the visual sys-
tem processes its input. In general, these process-
ing steps lead to veridical information about real-
world objects. But in cases where they do not, we 
can learn something about the steps that the vi-
sual systems invokes in creating visual representa-
tions. For example, when you see a light jumping 
back and forth on the top of an ambulance, you 
know that there is no real motion. You perceive 
these sequences of lights as motion, even though 
you know that there is no physical movement 
present, a phenomenon known as apparent mo-
tion. From this mistake we can infer how motion 
percepts in general are constructed. What we have 
learned from such instances is that the visual sys-
tem has prior assumptions concerning the map-
ping between sensory input and the structure of 
the world. Indeed, the visual system must have 
these “priors” because visual input is often am-
biguous. For example, countless 3D objects could 
lead to any given pattern of 2D retinal images. To 
create veridical 3D representations within a frac-
tion of a second, the visual system must solve this 
inverse mapping problem on the basis of infor-
mation processing procedures that also make use 
of extraretinal signals. The visual system must 
construct object representations that can only be 
inferred on the basis of the input. How the visual 
system accomplishes this is partially understood, 
but much remains to be explained. Many of the 
most basic issues remain unexplained, including, 
for example, the neural code used by neurons to 
communicate among themselves, and the neural 
basis of consciousness.
Functional magnetic resonance imag-
ing (fMRI) offers a means by which neu-
roscientists can determine how the brain 
constructs visual perception. Visual informa-
tion can evoke or modify neural activity in a ma-
jority of cortical areas. Loss of any single function 
of the visual system can impair a patient’s 
ability to efficiently interact with the environ-
ment. Thus, our motivation to achieve a scien-
tifically grounded understanding of how the 
brain realizes visual perception and visual con-
sciousness is correspondingly high. This chapter 
reviews our current state of knowledge about 
the systems-level functional anatomy of the hu-
man visual system. The emphasis will be placed 
on the results of fMRI as a noninvasive imaging 
technique that combines structural informa-
tion (gray/white matter, fiber tracts) with func-
tional activity (blood-oxygen-level dependent, 
BOLD) with a spatial resolution of 1 mm (or 
better) and a temporal resolution of under 1 s. 
Sparing excessive methodological detail, the 
techniques used to make retinotopic maps of 
the human visual cortex and the resultant nor-
malized atlases will be described. Taking ad-
vantage of the functional specificity of higher 
visual areas, topographical representations of 
image features such as color, form, and mo-
tion (speed and direction), among other as-
pects, will be discussed. Stereopsis, the ability 
to detect disparity in fused binocular images, 
is detected by neurons with binocular receptive 
fields. Functional MRI has revealed neural cor-
relates of disparity detection and clarified its role 
in the perception of motion-in-depth of loom-
ing stimuli. Finally we consider recent work 
on the interface between the visual system and 
systems involved in the preparation of oculomo-
tor action. In this context, the neural control of 
saccadic eye movements has been investigated 
with fMRI and the functional connectivity be-
tween the frontal and parietal eye fields and areas 
in the visual cortex are now better understood. 
The analysis of such “micro-behavior” opens 
a window into the functioning of the human 
brain with respect to higher cognitive functions 
such as visual working memory and conscious-
ness.
8.2	 Imaging	the	Lateral	
Geniculate	Nucleus
With the increase of magnetic field strength from 
1.5 to 4 Tesla and greater, it has now become pos-
sible to map subcortical structures. The human 
lateral geniculate nucleus (LGN) is estimated 
to have a volume that varies from 91 mm3 to 
157 mm3 (Andrews et al. 1997). Using high-field 
fMRI, Kastner et al. (2004) and Schneider et al. 
(2004) mapped the human LGN using hemifield 
checkerboard stimuli. They showed that the am-
plitude of the BOLD response in LGN depends 
on the attentional state of the observer, suggest-
ing a functional role for the massive cortico-tha-
lamic feedback projections to the LGN that have 
been observed anatomically. That is to say, cor-
tico-thalamic projections modify the thalamic 
input received by the cortex via neural mecha-
nisms that subserve selective attention.
Sylvester et al. (2005) acquired BOLD re-
sponses from the LGN and V1 while subjects 
performed saccades in both an illuminated Gan-
zfeld and in the dark. Interestingly, saccades in 
the full-field light condition led to a suppression 
of activity in the LGN and V1, whereas saccades 
in the dark led to an increase in activity. Their 
findings suggest that signals from oculomotor 
centers have a suppressive effect on on-going 
activity in V1 and the LGN, in line with recent 
work from our laboratory (Vallines and Green-
lee 2006; see below). Saccades in the dark led to 
an increase in activation in both V1 and LGN, 
suggesting an excitatory signal in the absence of 
visual stimulation (Sylvester et al. 2005). These 
findings and others suggest that the LGN is not 
a mere relay station between the retina and the 
cortex, but rather plays an active role in shaping 
the retinal information that arrives in V1 and 
other regions in the brain.
8.3	 Functional	Maps	
of	the	Visual	Field
Regions in the primate visual cortex are said to 
be retinotopically organized when neighboring 
locations within a visual quadrant are mapped 
onto neighboring portions of cortex (Horton and 
Hoyt 1991; van Essen et al. 1998; van Essen 2004). 
Each visual neuron has a receptive field that re-
sponds to stimuli falling within a well-defined re-
gion of this retinotopic space. Figure 8.1 depicts 
a schematic illustration of human visual area 1 
(V1) and its corresponding retinotopic map of 
visual space taken from Horton and Hoyt (1991). 
Neighboring neurons in the cortical sheet exhibit 
receptive fields that overlap in visual space. As-
suming steady fixation, the human visual cortex 
can be sequentially stimulated using flickering 
checkerboard wedge or ring stimuli (Engel et al. 
1994; Sereno et al. 1995; Dale et al. 1999; Tootell 
et al. 1995; Brewer et al. 2002) thereby evoking 
a traveling wave of activation over the cortical 
surface. To take advantage of computational al-
gorithms such as fast Fourier transform (FFT), 
this traveling wave of activity can be reduced to 
a temporal frequency distribution with a maxi-
mal amplitude at the stimulation (rotational) 
frequency (Warnking et al. 2002). The phase of 
this FFT component thus provides a reliable in-
dex of the spatial location of the peak of activity 
during the stimulation cycle, after correcting for 
the time lag of the hemodynamic response. Using 
these methods, accurate and reproducible maps 
of the human visual cortex have been produced 
in which the borders between V1, V2 and higher 
retinotopic areas are revealed by the so-called 
mirror sign (a reversal of the phase sequence 
from vertical to horizontal meridian, or the other 
way round). Examples of retinotopy are shown 
in Fig. 8.2. 
8.4	 Striate	and	Extrastriate	
Visual	Areas	in	Human	
Visual	Cortex	(V1,	V2,	V3)
There are now several reports on the retinotopic 
organization of primary visual cortex in humans 
(Engel et al. 1994; Sereno et al. 1995, Tootell et 
al. 1995; Dale et al. 1999; reviewed in Wandell 
et al. 2005), most of which rely on the phase-
angle method. A step-by-step description of this 
methodology has been given by Warnking and 
colleagues (2002). The group of David van Essen 
has taken information from several studies with 
different methodologies to produce average maps 
of the human cortex. This group has also made 
this software and database available to the com-
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munity (http://brainmap.wustl.edu/caret/). Indi-
vidual differences in the border location, size and 
shape of human V1 and V2 have been presented 
recently (Schira et al. 2007). These data suggest 
significant differences among individuals, in line 
with the variations noted in post-mortem speci-
mens (Andrews et al. 1997). 
An example of retinotopic maps obtained 
from two subjects is shown in Fig. 8.2 (Tse et al. 
2005). As is evident in these maps, considerable 
variability exists between the size and border 
locations of the primary and extrastriate visual 
areas across subjects.
8.5	 Receptive	Field	Size	
as	a	Function	of	Retinal	
Eccentricity
Following a similar line of reasoning as that used 
in phase-encoded flatmaps, the average recep-
tive field size can be estimated as a function of 
retinal eccentricity (Kastner et al. 2001; Smith et 
al. 2001). Instead of identifying the phase of the 
response, the “duty cycle” of the “on” compared 
to the “off ” periods of the response time course 
provides an estimate of the average receptive 
field size: large receptive fields would be associ-
Fig. 8.1.  Schematic illustration of the retinotopic organization of the primary visual cortex in the human brain. 
The upper panels depict the medial view of the left hemisphere with approximate isoeccentric radii marked on the 
surface of the calcarine sulcus. Note that the central 2.5° of visual angle around the foveal representation of the 
right visual field (lower panel) activates a much larger region of visual cortex than an equivalently sized portion 
of the peripheral visual field. This anisotropic mapping is known as cortical magnification and reflects the relative 
importance given to the central visual field in cortical processing. The black spot in the lower panel represents the 
location and extent of the blind spot (lower right panel) and its monocular representation on the cortical surface 
(adapted from Horton and Hoyt 1991, with permission)
Fig. 8.2a–c.  Retinotopic mappings projected upon inflated cortical meshes and flattened meshes of the occipital 
cortex. a The areas of cortex responsive to particular regions of the contralateral visual field are indicated by the 
corresponding color code. Of particular importance is the determination of the boundaries between visual areas 
corresponding to the lower vertical meridian (blue present at the V1/V2d and V3/V3A border), upper vertical 
meridian (red present at the V1/V2v and VP/V4v border), and horizontal meridian (greenish cyan present at the 
V2d/V3 and V2v/VP border). Note that V3 is also commonly named V3d, and VP is commonly named V3v, 
representing the dorsal and ventral parts of V3. b The segmented retinotopic areas from one subject on inflated 
left and right hemispheres as well as corresponding occipital flatmaps. c The same for a different subject. While 
topological relationships among areas remain generally constant across brains, the particular shape and extent of 
areas vary a great deal from brain to brain
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ated with a longer “on” period (i.e., with a larger 
duty cycle) than small receptive fields (Smith et 
al. 2001). In these experiments, an expanding or 
contracting ring stimulus was used. The duty cy-
cle of the best-fitting square wave response func-
tion is illustrated in Fig. 8.3c–e for each voxel as 
a color ranging from dark green to bright yellow. 
The relative size of receptive fields determined us-
ing this method, as well as the way receptive field 
sizes increase with retinal eccentricity, closely 
resembles the pattern found in nonhuman pri-
mates using single-unit recording techniques 
(see Fig. 8.3; adapted from Smith et al. 2001).
8.6	 Alternative	Methods	
of	Retinotopic	Mapping
The phase-encoding method assumes linear-
ity of responses within the cortex. Alterna-
tive approaches have employed M-sequences 
(Hansen et al. 2004; Vanni et al. 2005) to com-
pare the localized responses to individual pix-
els within the random-dot stimulus sequence. 
For the most part, the findings from these 
studies are consistent with the results of ear-
lier studies and thus suggest that the area bor-
ders are reasonably robust and do not depend 
on the exact method used. 
Fig. 8.3a–f.  Activation flat maps of human cortex depict the retinotopic organization of the primary visual cortex 
in the human brain (a). b The encoding of eccentric position with the contralateral visual hemifield demonstrates 
the preponderance of the foveal representation on the surface of the visual cortex. c–e The colour maps present 
the results from three subjects with respect to the relative “on” and “off ” components of the cyclic response to the 
flicking ring stimulus, whereas f presents the findings when the wedge stimulus was used (adapted from Smith et 
al. 2001, with permission). Area VP is also commonly known as V3v, and V3 as V3d
Summary	for	the	Clinician
■ Using high-field fMRI, responses in the 
human LGN have been mapped using 
checkerboard stimuli. The BOLD re-
sponse in LGN depends on the atten-
tional state of the observer, suggesting 
a functional role for cortico-thalamic 
feedback projections.
■ The retinotopic organization of the hu-
man visual cortex can be determined 
using fMRI and flickering checkerboard 
wedge or ring stimuli. Sequential stimu-
lation of sections of the visual field pro-
vides information concerning the bor-
ders between V1 and V2, V2 and V3 and 
higher visual areas.
■ Based on phase-encoded flatmaps, the 
average receptive field size can be esti-
mated as a function of retinal eccentric-
ity. 
 
8.7	 Columnar	Structures	
within	Human	V1
Thalamic input into layer 4cα of primary visual 
cortex is characterized by alternating columns 
of left and right eye input with a period length 
of about 1 mm (Hubel and Wiesel 1968), which 
have been referred to as ocular dominance col-
umns (ODC). Optical imaging techniques rely-
ing either on intrinsic (oxyhemoglobin and de-
oxyhemoglobin; Malonek et al. 1997) or extrinsic 
(voltage-sensitive dyes; Blasdel and Salama 1986; 
reviewed in Grinvald and Hildesheim 2004) 
signals have supported the existence of ocular 
dominance columns in primate V1 and support 
the idea of a neurovascular coupling between in-
trinsic (blood oxygenation) and extrinsic (volt-
age-sensitive) optical signals. Functional MRI 
studies of the pattern of ocular dominance have 
compared the relative magnitude of the BOLD 
response in human V1 during alternating (i.e., 
left, right, dark) ocular stimulation. Using high-
field (4 T) MRI, Menon and Goodyear (Menon 
and Goodyear 1999; Goodyear and Menon 2001) 
were first able to track the pattern of ODC in hu-
man V1. In a carefully conducted study with 4-T 
field strength and a surface coil positioned over 
the occipital cortex, Cheng et al. (2001) reported 
a pattern of BOLD responses that correspond to 
an ODC width of 1.1 mm. The applied imaging 
technique allowed for an in-plane voxel size of 
0.47 mm, which is necessary to resolve the hu-
man ODC. The test-retest reliability of the tech-
nique conducted in the same subjects within the 
same recording session or over a time span of 3 
months indicates that this method is highly reli-
able (Fig. 8.4b). 
Binocular interactions have also been demon-
strated with fMRI. Using 1.5-T field strength, Bu-
chert et al. (2002) demonstrated that simultane-
ous binocular stimulation led to a reduced BOLD 
response compared to sequential alternating eye 
stimulation. This pattern of responses was only 
evident in the central visual field representation 
of V1 in persons with normal binocular vision 
and suggests the existence of inhibitory binocu-
lar interaction in human visual cortex.
8.8	 Orientation	Specificity	
of	BOLD	Responses	
in	Visual	Cortex
A hallmark of visual cortical function is the 
orientation columns in primary visual cortex 
(Hubel and Wiesel 1968). Optical imaging tech-
niques have revealed a “pinwheel” organization, 
such that all possible stimulus orientations are 
represented systemically within columnar struc-
tures (Blasdel and Salama 1986). Kamitani and 
Tong (2005) presented fMRI evidence that lin-
ear discriminate analysis can be applied to the 
temporal response patterns of a selected popula-
tion of individual voxels to predict which of two 
orientations the observer is currently attending. 
This method has been applied to predict the 
perceptual outcome of binocular rivalry, where 
orthogonal orientations are presented simulta-
neously to each eye (Haynes and Rees 2006; see 
below). Using 4-T high-field imaging, Sun and 
colleagues (2006) have recently described ori-
entational selectivity in individual voxels in V1. 
The continuous change in orientation preference 
corresponds well with the orientation specific-
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ity in macaque V1. Using adaptation techniques, 
Boynton and Finney (2003) mapped changes in 
BOLD responses in V1, V2, V3 as well as V4, and 
compared them to psychophysical changes in 
sensitivity. The findings indicate that the BOLD 
response is reduced by adaptation in areas V3 
and V4 (similar to psychophysical sensitivity) 
but not in V1 and V2. Using spectrally broad-
band checkerboard stimuli with longer periods 
of adaptation and re-adaptation, Gardner et al. 
(2005) reported equally sized shifts in the con-
trast response functions in V1, V2, V3 and V4, 
and these shifts corresponded well with earlier 
psychophysical findings (Greenlee and Heitger 
1988).
8.9	 Visual	Maps	of	Higher	
Visual	Function:	V4
Responses to luminance and color stimuli have 
been compared in the human homolog of V4 
in ventral occipital cortex (Engel et al. 1997; 
Zeki and Bartels 1999; Bartels and Zeki 2000). 
Tootell and colleagues suggested the existence 
of a further visual area involved in the process-
ing of chromatic stimulus information, which 
they termed V8 (Hadjikhani et al. 1998; Tootell 
and Hadjikhani 2001). Wandell and colleagues 
described a hemifield representation in the ven-
tral occipital cortex and this region responded 
selectively to chromatic information (Wade et al. 
2002; Wade and Wandell 2002). The existence of 
V8 as an independent visual area with a hemi-
field representation remains unclear.
8.10	 Visual	Maps	of	Higher	
Visual	Function:	V3A,	
V3B	and	KO
The identification of area V3A has been debated 
in the literature. There is a general agreement 
that V3A has a contralateral hemifield represen-
tation. However, there is evidence for a second 
retinotopic area (V3B) lateral to V3A that shares 
the same foveal representation (Smith et al. 1998; 
Press et al. 2001). It has been argued that V3B is 
Fig. 8.4a,b.  Ocular dominance columns in human primary visual cortex (a) and scatter plots of the results (ocu-
lar dominance index: –1 corresponding to right eye dominance, 1 to left eye dominance) from the same subject 
measured twice during the same session (b) indicating the relatively high test-retest reliability of the method 
(r=0.627). The blue and yellow colors indicate the extent to which the individual voxel was activated better by 
stimulation from the right or from the left eye, respectively (adapted from Cheng et al. 2001, with permission). 
(CS Calcarine sulcus, ILS intralingual sulcus, ISS inferior sagittal sulcus)
actually the same as the “kinetic occipital” area 
(KO; Smith et al. 1998; Zeki et al. 2003), which 
is an area particularly responsive to motion-de-
fined borders (Dupont et al. 1997; Van Oostende 
et al. 1997; Grossman et al. 2000; Kononen et 
al. 2003). However, it is important to note that 
the conclusion that V3B and KO are in fact the 
same was made without employing retinotopic 
criteria, but rather on the basis of the similarity 
between normalized Talairach coordinates. Be-
cause of individual differences, this conclusion 
should be regarded with caution. An alternative 
segmentation of the areas has been put forth, 
in which all the cortex lateral to V3A has been 
grouped into a common topographically defined 
“V4d topology” (Malach et al. 1995; Sereno et 
al. 1995; Tootell et al. 1995, 1996, 1997, 1998a, 
1998b; Hadjikhani et al. 1998; Tsao et al. 2003). 
V4d is anatomically rather than functionally de-
fined, and encompasses both V3B and KO. It is 
therefore still a matter of debate whether V3B is 
distinct from V3A, and whether V3B, if it exists, 
is the same as KO.
8.11	 Segmenting	Extrastriate	
Areas	and	MT+	into	
Functional	Subregions
Many studies have indicated that the human ho-
molog of the primate region middle temporal 
area (MT, also referred to as V5) lies in the as-
cending part of the inferior temporal gyrus in BA 
37 (Dumoulin et al. 2000). In one of the first fMRI 
studies of the human visual cortex, Tootell et al. 
(1995) showed how MT responded selectively to 
the contrast of moving stimuli, showing a saturat-
ing response for low contrast levels of around 4% 
(Tootell et al. 1995). In a further study, Tootell et 
al. (1997) reported that V3a, a region in extrastri-
ate cortex, responds selectively to moving stimuli. 
Smith et al. (1998) investigated the response of 
early visual areas to first- order (luminance mod-
ulated) and second-order (contrast-modulated) 
motion stimuli. They suggested the existence of a 
novel area, V3b, as one with a retinotopic map of 
the contralateral visual field and a high sensitiv-
ity to second-order motion, and related it to the 
so-called kinetic occipital area (KO, see above). 
By comparing responses to combinations of sine 
wave gratings, Heeger et al. (1999) suggested the 
existence of motion opponency in area MT. Here 
the responses to sine wave gratings drifting in 
one direction were higher than those for coun-
terphase flickering gratings, suggesting inhibi-
tion from neurons tuned to opposite directions. 
Singh et al. (2000) also reported that MT+ (V5) 
responded well to low spatial and high tempo-
ral frequencies of drifting gratings. In that study, 
MT+ responded better to drifting gratings and 
showed a low-pass spatial and band-pass tempo-
ral tuning of the response. 
Huk et al. (2002) were the first to suggest that 
Human middle superior temporal area (MST) 
could be delineated from MT by comparing re-
sponses to contralateral and ipsilateral visual 
stimulation. Using a similar design, we recently 
replicated these findings in a small group of sub-
jects (Rutschmann and Greenlee, unpublished 
results). The findings are shown in Fig. 8.5 and 
suggest that MST exhibits an ipsilateral field rep-
resentation that is not evident in MT, or in earlier 
visual areas V1 and V2.
Summary	for	the	Clinician
■ Functional MRI studies of the pattern 
of ocular dominance have compared 
the relative magnitude of the BOLD re-
sponse in human V1 during alternating 
(i.e., left, right, dark) ocular stimulation.
■ The reported pattern of BOLD response 
corresponds to an ODC width of 1.1 mm. 
The reliability of these results, measured 
over a time span of 3 months, indicates 
that this method is reliable.
■ Responses to luminance and color stim-
uli have been compared in the human 
homolog of V4 in ventral occipital cor-
tex.
■ There is a general agreement that V3A 
has a contralateral hemifield representa-
tion. Some studies point to a second reti-
notopic area (V3B) lateral to V3A that 
shares the same foveal representation.
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Summary	for	the	Clinician
■ The human homolog of the primate re-
gion MT (also referred to as V5) lies in 
the ascending part of the inferior tem-
poral gyrus in BA 37. Responses in MT/
V5 to drifting gratings were higher than 
those for counterphase flickering grat-
ings, suggesting inhibition from neurons 
tuned to opposite directions.
■ Human MST can be delineated from MT 
by comparing responses to contralateral 
and ipsilateral visual stimulation: MST 
shows a response to ipsilateral stimuli, 
whereas MT does not.
 
8.12	 Responses	to	Optic	Flow
Although the size of the visual stimulus is re-
stricted within the MR scanner, some authors 
have attempted to record the BOLD responses 
to optic flow stimuli. Optic flow is defined as the 
spatiotemporal pattern of stimulation that oc-
curs when the subject moves within an otherwise 
stationary environment. One of the challenges of 
visual neuroscience is to understand how local 
object motion is discriminated from more global 
patterns of motion evoked by self-motion, naviga-
tion or exploratory eye/head movements (Logan 
and Duffy 2006; Raabe et al. 2006). Rutschmann 
et al. (2000) studied the effects of presenting op-
tic flow patterns dichoptically to the left and right 
eye. These dot patterns were presented to create 
the sense of self motion in a virtual environment 
(composed only of dots) leading to expansion/
contraction or spiral motion. The results indicate 
that areas in extrastriate cortex (V3a/V3b), but 
not MT+, responded selectively to motion-in-
depth stimuli. Morrone et al. (2000) isolated an 
area dorsal to MT+ that responded selectively to 
changes in motion direction. Smith et al. (2006) 
presented optic flow stimuli to subjects and iso-
lated responses from MT and MST. Their find-
ings suggest that MST, with its larger receptive 
Fig. 8.5a–f.  BOLD responses to lateralized random dot-motion stimuli presented in the left visual field (a–c) or 
in the right visual field (d–f). a Sagittal view of activation in the MT+ region in the right hemisphere. b Coronal 
view depicting the activation in both left and right hemispheres. c Zoomed flatmap of the activation in right MT+ 
when the stimuli were restricted to the left hemifield. d,e. As in a–c except now the activations are shown for 
motion stimuli restricted to the right (ipsilateral to right hemisphere). The small green marks help compare the 
locations in the flatmaps in c and f (adapted from Rutschmann and Greenlee, unpublished results)
fields, is more sensitive to changes in the global 
characteristics of optic flow stimuli.
8.13	 Disparity	and	Motion-
in-Depth	Stimulation
The ability to fuse left and right retinal images al-
lows us to extract horizontal disparity in visual 
stimuli (Parker and Cummings 2001). Backus 
and colleagues studied the responses associated 
with binocular disparity and found selective re-
sponses that correlated with the disparity level of 
the stimuli. These responses were most robust in 
area V3A (Backus et al. 2001). Motion-in-depth 
stimuli were employed by Rutschmann et al. 
(2000) to determine the correspondence between 
responses in motion-sensitive areas to random 
dots presented dichoptically. Their results point 
to a region in the extrastriate cortex, probably 
corresponding to V3a/V3b, which selectively re-
sponded to the disparity and optic flow proper-
ties of motion displays. The relative disparity of 
random-dot stimuli indicated activation in dor-
sal stream areas (Tsao et al. 2003; Rutschmann 
and Greenlee 2004).
8.14	 Interface	Between	
Visual	and	Oculomotor	
Systems
The role of the visual cortex in the planning, 
programming and execution of visually guided 
saccades remains for the most part unknown. In-
deed many prominent models of saccade control 
leave out the visual cortex completely (Leigh and 
Zee 2006). In several experiments we have stud-
ied the neural correlates of saccadic eye move-
ments in fMRI. Kimmig et al. (2001) compared 
visually guided saccades performed at different 
rates and revealed a signal that increased with 
saccade frequency. Cornelissen et al. (2002) com-
pared pro- and anti-saccades in a random event-
related task. On each task, subjects were cued by 
a change in the colored fixation mark whether to 
perform a pro- or anti-saccade (i.e., to shift their 
gaze toward or away from the peripheral target). 
The results indicate similar activations in the 
frontal eye fields (FEF) and V1 during both tasks 
with evidence for anticipatory set effects (see also 
Connolly et al. 2002). Memory-guided saccades 
led to activation in FEF and additional areas in 
prefrontal cortex (Brown et al. 2004; Ozyurt et 
al. 2006). Applying dynamic causal modeling to 
explore the effective connectivity between re-
gions in visual, parietal and prefrontal cortex, 
we recently reported evidence for a complex 
interactive network in the control of saccades 
and pursuit (Acs and Greenlee 2006). These new 
forms of data analysis open new insights into the 
processes occurring in several brain regions si-
multaneously.
Using an event-related design, Vallines and 
Greenlee (2006) recently determined the level 
of activation in V1 in the brief moments prior to 
the onset of the visually guided saccade. Subjects 
were requested to detect briefly flashed Gaussian-
enveloped sinusoidal (Gabor) patterns located 
just above or below a lateral saccade target. By 
systematically varying the time between the onset 
of the Gabors and the onset of the saccade to the 
eccentric target, the authors found a significant 
reduction in the BOLD signal in V1 evoked by 
the transient stimuli. The time course of the effect 
was comparable to the time course of the drop in 
psychophysically determined contrast sensitivity 
to the same stimuli, suggesting that the changes 
in V1 reflect the changes in sensitivity that occur 
50 ms prior to the onset of the visually guided 
(and planned) saccade. These results suggest that 
neural processes in V1, or prior to V1, are linked 
to saccadic suppression. 
In a further study, Tse et al. (2007) compared 
V1 responses evoked by micro-saccades as well 
as visually guided saccades with amplitudes com-
parable to those of micro-saccades (the smallest 
being 0.13 visual degrees). Their results suggest 
that V1 activation is excited by small voluntary 
fixational eye movements that fall in the range of 
micro-saccades in V1, V2, V3, and MT. More-
over, the magnitude of the BOLD response in-
creases parametrically in V1, V2, and V3 with 
the size of the small voluntary eye-movements. 
However, the BOLD signal response in MT re-
mains constant regardless of the magnitude of 
the small saccade, suggesting that area MT´s re-
sponse is not driven primarily by changes in the 
	 8.14	 Interface	Between	Visual	and	Oculomotor	Systems	 129
8	 130	 Functional	Neuroanatomy	of	the	Human	Visual	System:	A	Review	of	Functional	MRI	Studies
image, since there is greater motion magnitude 
in the image with larger eye-movements. That 
microsaccades trigger an increase of the BOLD 
signal in retinotopic cortex suggests that saccadic 
suppression does not operate for microsaccades, 
which are involuntary.
This makes sense if one accepts the 
view that micro-saccades occur in order to 
counteract the loss of signal that accompanies 
the perceptual fading that would occur upon the 
maintenance of perfect visual fixation (see Mar-
tinez-Conde et al. 2004). The majority of fMRI 
experiments to date have been carried out with-
out measuring micro-saccades in the scanner. If 
micro-saccade occurrence or rate is correlated 
more with one experimental condition than an-
other, there could be a significant difference in 
the BOLD signal arising from one condition as 
compared to another, even though this difference 
arose because of the artifact of micro-saccades, 
and not as a function of the difference between 
experimental conditions. These studies reflect 
the urgent need to monitor eye movements and 
fixation behavior of subjects while they perform 
visual tasks. 
8.15	 Parietal	Lobe	Maps	
of	Visuotopic	Space
Sereno et al. (2001) discovered a region in 
the superior parietal cortex (Taliarach coor-
dinates: X = 32, Y = –68, Z = 46 mm deviation 
from the anterior-posterior commissure) that 
showed robust visuotopic mapping of the re-
membered target angle. These authors suggested 
that this region contains a representation of 
the entire contralateral hemifield and, as such, 
could be a homolog of the lateral intraparietal area 
in macaque monkeys (Sereno et al. 2001). Figure 
8.6 illustrates the main findings of the Sereno et al. 
(2001) study, which indicates contralateral vi-
suotopic mapping of the target location for the 
planned saccade. Interestingly, neurons in the 
intraparietal cortex in monkeys have been shown 
to fire during the preparation of saccades (Bisley 
and Goldberg 2003). In a recent set of studies, 
Schluppeck et al. (2005, 2006) performed similar 
experiments and found a similar organization in 
posterior parietal cortex. 
	Summary	for	the	Clinician
■ Optic flow is defined as the spatiotem-
poral pattern of stimulation that occurs 
when the subject moves within an oth-
erwise stationary environment. Recent 
studies have tried to better understand 
how local object motion is discriminated 
from more global patterns of motion 
evoked by self-motion, navigation or ex-
ploratory eye/head movements.
■ MST has neurons with large receptive 
fields and these are more sensitive to 
changes in the global characteristics of 
optic flow stimuli.
■ The combination of flow field stimuli 
with binocular disparity creates a sense 
of motion in depth. Extrastriate areas 
V3a/V3b respond selectively to the dis-
parity and optic flow properties of these 
motion displays.
■ Several studies have explored the re-
sponses in visual, parietal and prefrontal 
cortex during the planning, program-
ming and execution of visually guided 
saccades. Similar activations in FEF and 
V1 during pro- and anti-saccade tasks 
were evident, suggesting the existence of 
anticipatory set effects. Memory-guided 
saccades lead, on the other hand, to ad-
ditional activation in prefrontal cortex.
 
8.16	 Working	Memory	
for	Visual	Stimuli
Visual working memory is the ability to use in-
formation from prior visual stimulation to per-
form discrimination or recognition tasks. Recent 
studies suggest that this information may be 
stored in neural circuits that are also involved 
in the encoding of the sensory stimuli (Paster-
nak and Greenlee 2005). A further form of visual 
working memory is related to the ability to form 
vivid visual imagery, and these processes may 
involve early visual cortex (Kosslyn et al. 1999). 
Although the exact role of early visual cortex in 
visual imagery remains to be determined (Knauff 
et al. 2000; Kosslyn and Thompson 2003), more 
Fig. 8.6. Results of the Sereno et al. (2001) study that employed a delayed saccade task to map the retinotopic 
organization of a small region in the superior parietal cortex of a single subject. The subject was instructed to 
maintain central fixation while a peripheral target (lower panel) was flashed. The target was followed by a ring of 
flickering distractor dots. After 3 s the subject was asked to perform a memory-guided saccade to the location 
where the target dot had been flashed. Using the phase-angle encoding method, Sereno et al. could apply Fourier 
techniques to extract the relative phase of the T2*-signal at the stimulus frequency, which was assigned one of 
three colors (see inset, upper panel) corresponding to the relative location in the contralateral visual field (adapted 
from Sereno et al. 2001 with permission)
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recent work indicates that the precuneus is an 
important area for visual memory and visual im-
agery (Cavanna and Trimble 2006). 
In a delayed orientation discrimination task, 
we recently tested the theory that the precuneus 
is involved in the storage and recall of visual 
information (Rothmayr et al. 2007). Figure 8.7 
shows the main findings of this study. Subjects 
compared two sequentially presented Gabor 
stimuli that varied randomly in their orientation. 
To test the so-called dual-coding theory of visual 
imagery (Paivio 1986), we instructed subjects to 
use verbal codes (e.g., tilted left) to aid them in 
the delayed discrimination task. The results un-
der this instruction set were compared to the re-
sults when the instructions informed them to use 
visual imagery to perform the task (activations 
shown in green and red, respectively, in Fig. 8.7). 
8.17	 Role	of	V1	in	Visual	
Consciousness
One of the deepest questions in neuroscience 
concerns the role of individual cortical areas in 
the neural processing underlying consciousness. 
An experimental paradigm used to explore the 
role of early visual areas in conscious percep-
tion is binocular rivalry (Blake and Logothe-
tis 2002). In these experiments the subjects are 
presented with a different image in the left and 
right eye, such as a horizontal grating presented 
solely to the left eye and a vertical one solely to 
the right eye. The subject typically oscillates be-
tween perceiving the image available to the left 
and that available to the right eye, but not both. 
During brain imaging, the subject signals when 
he or she consciously perceives the left- or right-
eye image. Using statistical methods based on 
the response distributions in the different visual 
areas, Haynes et al. (2005) reported that indi-
vidual voxels within V1 correlated significantly 
over time with the conscious perception of the 
subjects, such that the recorded activation could 
be used to predict which retinal image the sub-
ject was perceiving. Tse et al. (2005) used meta-
contrast masking as a probe to determine neural 
correlates of the visibility of simple bar stimuli. 
In metacontrast masking a target bar can be ren-
dered visible or invisible by flanking bar stimuli, 
depending on the temporal relationships among 
target and flanker bar onsets and offsets. More-
over, targets and flankers can be presented to 
either the same eye or to different eyes. Monop-
tic visual masking was found in all visual reti-
notopic areas, whereas dichoptic masking was 
only found in retinotopic areas beyond V2. This 
finding represents a lower bound for the neu-
ral correlates of visual consciousness of simple 
stimuli such as bars. Moreover, they found that 
those neural correlates lie within the occipital 
lobe, placing a corresponding upper bound on 
the neural correlates of bar visibility, as indicated 
in Fig. 8.8. 
Summary	for	the	Clinician
■ Recent studies suggest that this informa-
tion may be stored in neural circuits that 
are also involved in the encoding of the 
sensory stimuli.
■ During a delayed orientation discrimi-
nation task, subjects exhibit significant 
clusters of BOLD activation in the pre-
cuneus and the posterior parietal cortex. 
■ Binocular rivalry has been used to study 
the neural mechanisms underlying visu-
al consciousness. It has been shown that 
V1 activation correlates significantly over 
time with the conscious perception.
■ Monoptic and dichoptic visual masking 
are techniques that reveal how informa-
tion combined from the two eyes con-
tributes to conscious perception. Using 
these techniques, the effects of monop-
tic visual masking was found in all vi-
sual retinotopic areas, whereas dichoptic 
masking was only found in retinotopic 
areas beyond V2. 
 
8.18	 Summary	
This chapter has reviewed the current litera-
ture on brain imaging studies related to the 
way the visual image is encoded in primary and 
extrastriate visual cortex. The results from sev-
eral laboratories converge to form a clear map 
of human visual cortex consisting of V1, V2, 
V3, V4, V5 and visual areas in the precuneus 
and posterior parietal cortex along the dorsal 
pathway, as well as – although not discussed 
here – in the lateral occipital (LO) area and the 
inferior temporal cortex along the ventral path-
way. Damage to these areas leads to selective im-
pairment in visual function (Goodale and Mil-
ner 1992). Higher cognitive processes based on 
visual stimulus input are now becoming better 
understood. These functions are related to vi-
sual imagery, visual working memory and visual 
consciousness. These higher levels of cognition 
pose a challenge to modern visual neuroscience, 
and new research approaches promise to provide 
novel insights into the neural circuitry underlying 
these processes. Functional MRI will continue to 
provide some of the best information available to 
neuroscientists in their attempts to understand 
visual processing in the human brain.
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Fig. 8.7.  Results of the Rothmayr et al. (2007) study that employed a delayed orientation discrimination task to 
map the cortical activation related to the storage of pattern information. The subjects were instructed to use either 
a verbal code to aid them in the memory task (green), or visual imagery to store and recall the first pattern (red). 
Overlap between the activation from these conditions is indicated by yellow. The brain images from left to right 
illustrate how the activation develops over the 8-s interstimulus interval of the working memory task. The upper 
row presents posterior views of the brain and the lower row shows a lateral view of the left hemisphere. Although 
there is considerable overlap in the activations in these two experiments, responses in the imagery condition 
(red) were more pronounced in the precuneus and lateral parts of the posterior parietal cortex, whereas language-
related regions in the left hemisphere (green) were more active in the verbal encoding condition (adapted from 
Rothmayr et al. 2007)
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Fig. 8.8.  Layout of retinotopic areas that potentially maintain awareness of simple targets. An individual brain 
model from all perspectives, including both hemispheres flat-mapped, overlaid with the functional activation 
from one typical subject. The yellow-shaded areas are those portions of the brain that did not show significant 
dichoptic masking and thus are ruled out for maintaining visual awareness of simple targets. The pink-colored 
voxels represent the cortical areas that exhibited significant dichoptic masking and thus are potential candidates 
for maintaining awareness of simple targets (adapted from Tse et al. 2005 with permission)
References
Acs F, Greenlee MW (2006) A dynamic causal 
modeling study of attention shifting between 
smooth pursuit and saccadic targets . Human 
Brain Mapping Suppl 521; available online at 
http://www.meetingassistant.com/ohbm2006/
planner/abstract_popup.php?abstractno=631
Andrews TJ, Halpern SD, Purves D (1997) Cor-
related size variations in human visual cortex, lat-
eral geniculate nucleus, and optic tract. J Neurosci 
17(8):2859–2868
Backus BT, Fleet DJ, Parker AJ, Heeger DJ 
(2001) Human cortical activity correlates with 
stereoscopic depth perception. J Neurophysiol 
86(4):2054–2068
Bartels A, Zeki S (2000) The architecture of the 
colour centre in the human visual brain: new re-
sults and a review. Eur J Neurosci 12(1):172–193
Bisley JW, Goldberg ME (2003) The role of the pa-
rietal cortex in the neural processing of saccadic 
eye movements. Adv Neurol 93:141–157
 Blake R, Logothetis NK (2002) Visual competi-
tion. Nat Rev Neurosci 3(1):13–21
 Blasdel GG, Salama G (1986) Voltage-sensitive 
dyes reveal a modular organization in monkey 
striate cortex. Nature 321(6070):579–585
 Boynton GM, Finney EM (2003) Orientation-
specific adaptation in human visual cortex. J Neu-
rosci 23(25):8781–8787
 Brewer AA, Press WA, Logothetis NK, Wandell 
BA (2002) Visual areas in macaque cortex mea-
sured using functional magnetic resonance imag-
ing. J Neurosci 22(23):10416–10426
 Brown MR, DeSouza JF, Goltz HC, Ford K, Me-
non RS, Goodale MA, Everling S (2004) Com-
parison of memory- and visually guided sac-
cades using event-related fMRI. J Neurophysiol 
91(2):873–889 
 Buchert M, Greenlee MW, Rutschmann RM, 
Kraemer FM, Luo F, Hennig J (2002) Functional 
magnetic resonance imaging evidence for bin-
ocular interactions in human visual cortex. Exp 
Brain Res 145(3):334–339
 Cavanna AE, Trimble MR (2006) The precuneus: 
a review of its functional anatomy and behav-
ioural correlates. Brain 129(Pt 3):564–583
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
 Cheng K, Waggoner RA, Tanaka K (2001) Human 
ocular dominance columns as revealed by high-
field functional magnetic resonance imaging. 
Neuron 32 (2):359–374
 Cornelissen FW, Kimmig H, Schira M, 
Rutschmann RM, Maguire RP, Broerse A, Den 
Boer JA, Greenlee MW (2002) Event-related 
fMRI responses in the human frontal eye fields 
in a randomized pro- and antisaccade task. Exp 
Brain Res 145(2):270–274
 Connolly JD, Goodale MA, Menon RS, Munoz 
DP (2002) Human fMRI evidence for the neu-
ral correlates of preparatory set. Nat Neurosci 
5(12):1345–1352
 Dale AM, Fischl B, Sereno MI (1999) Cortical 
surface-based analysis. I. Segmentation and sur-
face reconstruction. Neuroimage 9(2):179–194
 Dumoulin SO, Bittar RG, Kabani NJ, Baker CL Jr., 
Le Goualher G, Bruce Pike G, Evans AC (2000) 
A new anatomical landmark for reliable iden-
tification of human area V5/MT: a quantitative 
analysis of sulcal patterning. Cereb Cortex 10 
(5):454–463
 Dupont P, De Bruyn B, Vandenberghe R, Rosier 
AM, Michiels J, Marchal G, Mortelmans L, Orban 
GA (1997) The kinetic occipital region in human 
visual cortex. Cereb Cortex 7:283–292
 Engel SA, Rumelhart DE, Wandell BA, Lee 
AT, Glover GH, Chichilnisky EJ, Shadlen MN 
(1994) fMRI of human visual cortex. Nature 
369(6481):525
 Engel SA, Glover GH, Wandell BA (1997) Retino-
topic organization in human visual cortex and the 
spatial precision of functional MRI. Cereb Cortex 
7(2):181–192
 Gardner JL, Sun P, Waggoner RA, Ueno K, Tanaka 
K, Cheng K (2005) Contrast adaptation and rep-
resentation in human early visual cortex. Neuron 
47(4):607–620
 Goodale MA, Milner AD (1992) Separate visual 
pathways for perception and action. Trends Neu-
rosci 15(1):20–25
 Goodyear BG, Menon RS (2001) Brief visual 
stimulation allows mapping of ocular dominance 
in visual cortex using fMRI. Hum Brain Mapp 
14(4):210–217
 Greenlee MW, Heitger F (1988) The func-
tional role of contrast adaptation. Vision Res 28 
(7):791–797
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
	 References	 135
8	 136	 Functional	Neuroanatomy	of	the	Human	Visual	System:	A	Review	of	Functional	MRI	Studies
 Grinvald A, Hildesheim R (2004) VSDI: a new era 
in functional imaging of cortical dynamics. Nat 
Rev Neurosci 5(11):874–885
 Grossman E, Donnelly M, Price R, Pickens D, 
Morgan V, Neighbor G, Blake R (2000) Brain ar-
eas involved in perception of biological motion. J 
Cogn Neurosci 12:711–720
 Hadjikhani N, Liu AK, Dale AM, Cavanagh P, 
Tootell RBH (1998) Retinotopy and colour sen-
sitivity in human visual cortical area V8. Nat 
Neurosci1:235–241
 Hansen KA, David SV, Gallant JL (2004) Para-
metric reverse correlation reveals spatial linearity 
of retinotopic human V1 BOLD response. Neuro-
image 23(1):233–241
 Haynes JD, Rees G (2006) Decoding mental states 
from brain activity in humans. Nat Rev Neurosci 
7(7):523–534
 Haynes JD, Deichmann R, Rees G (2005) Eye-spe-
cific effects of binocular rivalry in the human lateral 
geniculate nucleus. Nature 438(7067):496–499
 Heeger DJ, Boynton GM, Demb JB, Seidemann E, 
Newsome WT (1999) Motion opponency in vi-
sual cortex. J Neurosci 19(16):7162–7174
 Horton JC, Hoyt WF (1991) The representation 
of the visual field in human striate cortex. A revi-
sion of the classic Holmes map. Arch Ophthalmol 
109(6):816–824
 Hubel DH, Wiesel TN (1968) Receptive fields and 
functional architecture of monkey striate cortex. J 
Physiol (Lond) 195(1):215–243
 Huk AC, Dougherty RF, Heeger DJ (2002) Reti-
notopy and functional subdivision of human ar-
eas MT and MST. J Neurosci 22(16):7195–7205
 Kamitani Y, Tong F (2005) Decoding the visual 
and subjective contents of the human brain. Nat 
Neurosci 8(5):679–685
 Kastner S, De Weerd P, Pinsk MA, Elizondo MI, 
Desimone R, Ungerleider LG (2001) Modulation 
of sensory suppression: implications for receptive 
field sizes in the human visual cortex. J Neuro-
physiol 86(3):1398–1411
 Kastner S, O’Connor DH, Fukui MM, Fehd HM, 
Herwig U, Pinsk MA (2004) Functional imaging 
of the human lateral geniculate nucleus and pul-
vinar. J Neurophysiol 91(1):438–448
 Kimmig H, Greenlee MW, Gondan M, Schira M, 
Kassubek J, Mergner T (2001) Relationship be-
tween saccadic eye movements and cortical activ-
ity as measured by fMRI: quantitative and qualita-
tive aspects. Exp Brain Res 141(2):184–194
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
 Knauff M, Kassubek J, Mulack T, Greenlee MW 
(2000) Cortical activation evoked by visual men-
tal imagery as measured by fMRI. Neuroreport 
11(18):3957–3962
 Kononen M, Paakkonen A, Pihlajamaki M, Par-
tanen K, Karjalainen PA, Soimakallio S, Aronen 
HJ (2003) Visual processing of coherent rotation 
in the central visual field: an fMRI study. Percep-
tion 32:1247–1257
 Kosslyn SM, Thompson WL (2003) When is early 
visual cortex active during visual mental imagery. 
Psych Bull 129:723–746
 Kosslyn SM, Pascual-Leone A, Felician O, Cam-
posano S, Keenan JP, Thompson WL, Ganis G, 
Sukel KE, Alpert NM (1999) The role of area 17 
in visual imagery: convergent evidence from PET 
and rTMS. Science 284(5411):167–170
 Leigh RJ, Zee DS (2006) The neurology of eye 
movements, 4th edn. Oxford University Press, 
Oxford
 Logan DJ, Duffy CJ (2006) Cortical area MSTd 
combines visual cues to represent 3-D self-move-
ment. Cereb Cortex 16(10):1494–1507
 Malach R, Reppas JB, Benson RR, Kwong KK, Ji-
ang H, Kennedy WA, Ledden PJ, Brady TJ, Rosen 
BR, Tootell RB (1995) Object-related activity re-
vealed by functional magnetic resonance imag-
ing in human occipital cortex. Proc Natl Acad Sci 
USA 92(18):8135–8139
 Malonek D, Dirnagl U, Lindauer U, Yamada K, 
Kanno I, Grinvald A (1997) Vascular imprints of 
neuronal activity: relationships between the dy-
namics of cortical blood flow, oxygenation, and 
volume changes following sensory stimulation. 
Proc Natl Acad Sci USA 94(26):14826–14831
 Martinez-Conde S, Macknik SL, Hubel DH (2004) 
The role of fixational eye movements in visual 
perception. Nat Rev Neurosci 5(3):229–240
 Menon RS, Goodyear BG (1999) Submillimeter 
functional localization in human striate cortex 
using BOLD contrast at 4 Tesla: implications for 
the vascular point-spread function. Magn Reson 
Med 41(2):230–235
 Morrone MC, Tosetti M, Montanaro D, Fioren-
tini A, Cioni G, Burr DC (2000) A cortical area 
that responds specifically to optic flow, revealed 
by fMRI. Nat Neurosci 3(12):1322–1328
 Ozyurt J, Rutschmann RM, Greenlee MW (2006) 
Cortical activation during memory-guided sac-
cades. Neuroreport 17 (10):1005–1009
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
 Paivio A (1986) Mental representations: a dual 
coding approach. Oxford University Press, 
Oxford
 Parker AJ, Cummings BG (2001) Cortical mecha-
nisms of binocular stereoscopic vision. Prog Brain 
Res 134:205–216
 Pasternak T, Greenlee MW (2005) Working mem-
ory in primate sensory systems. Nat Rev Neurosci 
6 (2):97–107
 Press WA, Brewer AA, Dougherty RF, Wade 
AR, Wandell BA (2001) Visual areas and spatial 
summation in human visual cortex. Vision Res 
41:1321–1332
 Raabe M, Acs F, Rutschmann RM, Greenlee MW 
(2006) Neural correlates of the perception of co-
herent motion-in-depth and self-motion as mea-
sured by fMRI. Perception Suppl 184
 Rothmayr C, Baumann O, Rutschmann RM, 
Greenlee MW (2007) Dissociation of neural cor-
relates of verbal and non-verbal visual working 
memory with different delays. (submitted for 
publication)
 Rutschmann RM, Greenlee MW (2004) BOLD 
response in dorsal areas varies with relative dis-
parity level. Neuroreport 15(4):615–619
 Rutschmann RM, Schrauf M, Greenlee MW 
(2000) Brain activation during dichoptic pre-
sentation of optic flow stimuli. Exp Brain Res 
134(4):533–537
 Schira MM, Wade AR, Tyler CW. Two-dimen-
sional mapping of the central and parafoveal vi-
sual field to human visual cortex. J Neurophysiol. 
2007;97(6):4284-95.
  Schluppeck D, Glimcher P, Heeger DJ (2005) 
Topographic organization for delayed saccades in 
human posterior parietal cortex. J Neurophysiol 
94(2):1372–1384
 Schluppeck D, Curtis CE, Glimcher PW, Heeger DJ 
(2006) Sustained activity in topographic areas of 
human posterior parietal cortex during memory-
guided saccades. J Neurosci 26(19):5098–5108
 Schneider KA, Richter MC, Kastner S (2004) Ret-
inotopic organization and functional subdivisions 
of the human lateral geniculate nucleus: a high-
resolution functional magnetic resonance imag-
ing study. J Neurosci 24(41):8975–8985
 Sereno MI, Dale AM, Reppas JB, Kwong KK, Bel-
liveau JW, Brady TJ, Rosen BR, Tootell RB (1995) 
Borders of multiple visual areas in humans re-
vealed by functional magnetic resonance imag-
ing. Science 268(5212):889–893
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
 Sereno MI, Pitzalis S, Martinez A (2001) Mapping 
of contralateral space in retinotopic coordinates 
by a parietal cortical area in humans. Science 
294(5545):1350–1354
 Singh KD, Smith AT, Greenlee MW (2000) Spa-
tiotemporal frequency and direction sensitivi-
ties of human visual areas measured using fMRI. 
Neuroimage 12(5):550–564
 Smith AT, Greenlee MW, Singh KD, Kraemer 
FM, Hennig J (1998) The processing of first- and 
second-order motion in human visual cortex as-
sessed by functional magnetic resonance imaging 
(fMRI). J Neurosci 18(10):3816–3830
 Smith AT, Singh KD, Williams AL, Greenlee MW 
(2001) Estimating receptive field size from fMRI 
data in human striate and extrastriate visual cor-
tex. Cereb Cortex 11 (12):1182–1190
 Smith AT, Wall MB, Williams AL, Singh KD (2006) 
Sensitivity to optic flow in human cortical areas 
MT and MST. Eur J Neurosci 23(2):561–569
 Sun P, Gartner JL, Costagli M, Waggoner RA, 
Tanaka K, Cheng K (2006) Direct demonstration 
of tuning to stimulus orientation in human V1: 
a high-resolution fMRI study with a continuous 
stimulation paradigm and a differential mapping 
method. Hum Brain Mapp Suppl S112
 Sylvester R, Haynes JD, Rees G (2005) Saccades 
differentially modulate human LGN and V1 re-
sponses in the presence and absence of visual 
stimulation. Curr Biol 15(1):37–41
 Tootell RB, Hadjikhani N (2001) Where is ‘dorsal 
V4’ in human visual cortex? Retinotopic, topo-
graphic and functional evidence. Cereb Cortex 
11(4):298–311
 Tootell RBH, Reppas JB, Kwong KK, Malach R, 
Born RT, Brady TJ, Rosen BR, Belliveau JW (1995) 
Functional analysis of human MT and related vi-
sual cortical areas using magnetic resonance im-
aging. J Neurosci 15:3215–3230
 Tootell RBH, Dale AM, Sereno MI, Malach R 
(1996) New images from human visual cortex. 
Trends Neurosci 95:818–824
 Tootell RB, Mendola JD, Hadjikhani NK, Led-
den PJ, Liu AK, Reppas JB, Sereno MI, Dale 
AM (1997) Functional analysis of V3A and re-
lated areas in human visual cortex. J Neurosci 
17(18):7060–7078
 Tootell RBH, Hadjikhani N, Hall EK, Marrett S, 
Vanduffel W, Vaughan JT, Dale AM (1998a) The 
retinotopy of visual spatial attention. Neuron 
21:1409–1422
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.
74.
75.
	 References	 137
8	 138	 Functional	Neuroanatomy	of	the	Human	Visual	System:	A	Review	of	Functional	MRI	Studies
 Tootell RBH, Hadjikhani NK, Vanduffel W, Liu 
AK, Mendola JD, Sereno MI, Dale AM (1998b) 
Functional analysis of primary visual cortex (V1) 
in humans. Proc Natl Acad Sci USA 95:811–817
 Tsao DY, Vanduffel W, Sasaki Y, Fize D, Knutsen 
TA, Mandeville JB, Wald LL, Dale AM, Rosen 
BR, Van Essen DC, Livingstone MS, Orban GA, 
Tootell RBH (2003) Stereopsis activates V3A and 
caudal intraparietal areas in macaques and hu-
mans. Neuron 39:555–568
 Tse PU, Martinez-Conde S, Schlegel AA, Mack-
nik SL (2005) Visibility, visual awareness, and 
visual masking of simple unattended targets 
are confined to areas in the occipital cortex be-
yond human V1/V2.Proc Natl Acad Sci USA 
102(47):17178–17183 
 Tse PU, Baumgartner F, Greenlee MW (2007) 
Neural correlates of microsaccades in human reti-
notopic cortex. (submitted for publication)
 Vallines I, Greenlee MW (2006) Saccadic sup-
pression of retinotopically localized blood oxygen 
level-dependent responses in human primary vi-
sual area V1. J Neurosci 26(22):5965–5969
 Van Essen DC (2004) Surface-based approaches 
to spatial localization and registration in pri-
mate cerebral cortex. Neuroimage 23 [Suppl 1]:
S97–S107
 Van Essen DC, Drury HA, Joshi S, Miller MI 
(1998) Functional and structural mapping of hu-
man cerebral cortex: solutions are in the surfaces. 
Proc Natl Acad Sci USA 95(3):788–795
76.
77.
78.
79.
80.
81.
82.
 Van Oostende S, Sunaert S, Van Hecke P, Marchal 
G, Orban GA (1997) The kinetic occipital (KO) 
region in man: an fMRI study. Cereb Cortex 
7:690–701
 Vanni S, Henriksson L, James AC (2005) Multifo-
cal fMRI mapping of visual cortical areas. Neuro-
image 27(1):95–105
 Wade AR, Wandell BA (2002) Chromatic light 
adaptation measured using functional magnetic 
resonance imaging. J Neurosci 22(18):8148–57
 Wade AR, Brewer AA, Rieger JW, Wandell BA 
(2002) Functional measurements of human ven-
tral occipital cortex: retinotopy and colour. Philos 
Trans R Soc Lond B Biol Sci 357(1424):963–973
 Wandell BA, Brewer AA, Dougherty RF (2005) 
Visual field map clusters in human cortex. Philos 
Trans R Soc Lond B Biol Sci 360(1456):693–707
 Warnking J, Dojat M, Guerin-Dugue A, Delon-
Martin C, Olympieff S, Richard N, Chehikian A, 
Segebarth C (2002) fMRI retinotopic mapping 
– step by step. Neuroimage 17(4):1665–1683
 Zeki S, Bartels A (1999) The clinical and func-
tional measurement of cortical (in)activity in 
the visual brain, with special reference to the two 
subdivisions (V4 and V4 alpha) of the human co-
lour centre. Philos Trans R Soc Lond B Biol Sci 
354(1387):1371–1382
 Zeki S, Perry RJ, Bartels A (2003) The processing 
of kinetic contours in the brain. Cerebr Cortex 
13:193–203
83.
84.
85.
86.
87.
88.
89.
90.
